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355 nm and harmonics
OPO laser 220 nm−1750 nm
Fast beam spectrometer:
Cyr PhD Thesis (UC Berkeley 1993)
Velocity-map imaging lens:
Eppink and Parker Rev Sci Instrum 68 3477 (1997)
Gating-bunching-rereferencing unit:
(ANU) Dedman et al. Rev Sci Instrum 73 2915 (2001)
Photodetachment:












CCD camera 2048x2048 pixel
monochrome camera image
sub-pixel centroid
























O−(2PJ ′′) + hν(532 nm)→ O(3PJ ′) + e− (869 meV)
0 cm−1 3/2177 cm
−1 1/2




















(ANU) Cavanagh et al. PRA 76 052708 (2007)
0.36
0.08
Ervin et al. J Phys Chem A107 8521 (2003)
364 nm
FWHM 6 meV
eBE = hν − eKE
1 meV ∼ 8 cm−1
Spectroscopy
position (cm−1): 227, 158, 0, (-177)
227, 158, 0, (-177)
width (meV): 3.3
0.3−0.6




Wigner Phys Rev 73 1002 (1948)





O−(2PJ ′′) + hν(532,832 nm)→ O(3PJ ′) + e− (869,29 meV)
0 cm−1 3/2177 cm
−1 1/2























(ANU) Cavanagh et al. PRA 76 052708 (2007)
0.36
0.08
Garand et al. J Phys Chem A113 4631 (2009)
“SEVI”
Neumark UCB
FWHM est. 1.3 meV
Spectroscopy
position (cm−1): 227, 158, 0, (-177) 227, 158, 0, (-177)
width (meV): 3.3 0.3−0.6
intensity ratio: 0.08, 0.36 0.01, 0.2!
temperature (K): 200 211
Wigner Phys Rev 73 1002 (1948)






































and the 9j symbol sum gives:
3P2 ←2P 3
2
:3P1 :3P0 = 1 : 0.36 : 0.08
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O− photoelectron angular distribution (PAD)
829 nm 810 nm 532 nm
0.0 0.5 1.0 1.5 2.0





























I(θ, ) = σ()4pi [1+ β()P2(cos θ)]
β anisotropy parameter
p-orbital electron, ∆` = ±1







Hanstorp approx: A2 ∼ Rd/Rs
∆ = partial wave phase shift
βl=1() =
2(A2)2 − 4(A2) cos(∆)
1+ 2(A2)2
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) + hν → O(3P2,1,0, 1D2) + e−
B-spline R-matrix calculation
Oleg Zatsarinny and Klaus Bartschat, Drake U. Iowa USA
x
.
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Zatsarinny + Bartschat V
Cooper + Zare
1D2 prediction
R-matrix code: Burke and Berrington
“. . . have reached a level of stability and robustness . . . used to solve a wide variety of low
electron and positron scattering problems” Morgan et al Comp Phys Comm 114 120-128 (1998)
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) + hν → O(3P2,1,0, 1D2) + e−
B-spline R-matrix calculation
Oleg Zatsarinny and Klaus Bartschat, Drake U. Iowa USA
x
.
0 cm−1 3/2177 cm
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Zatsarinny + Bartschat V
Cooper + Zare
1D2 prediction
R-matrix code: Burke and Berrington
“. . . have reached a level of stability and robustness . . . used to solve a wide variety of low
electron and positron scattering problems” Morgan et al Comp Phys Comm 114 120-128 (1998)
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)+hν(340 nm)→ O(3P2,1,0, 1D2)+e−(2.2,0.2 eV)
x
.
0 cm−1 3/2177 cm
−1 1/2













electron binding energy (cm-1)
3P
1DΓ=70(1) cm-1 Γ=25.5(6) cm-1
0.0 0.5 1.0 1.5 2.0 2.5 3.0





















Cooper & Zare 3P
Hanstorp 3P: A2=0.55, c=0.925
Hanstorp 1D: A2=0.3, c=0.96
β1D2 < 0 maps a different isotropy curve, slower onset, higher-energy minimum than β3P
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Calculations R-matrix
0.0 0.5 1.0 1.5 2.0 2.5 3.0





















Cooper & Zare 3P
Hanstorp 3P: A2=0.55, c=0.925
Hanstorp 1D: A2=0.3, c=0.96
Zatsarinny Phys Rev A 73 022714 (2006)
B-spline R-matrix
p-electron ∆` = ±1
σ ∝ R2s + 2R2d −→





Data consistent with σ calculation, slower onset of d-wave cross
section for the O(1D2) channel
Issue with R-matrix code
Oleg (Drake): I still get positive values for β1D , even after double check of possible bugs in the program
Klaus (Drake): The Belfast R-matrix code . . . had some interesting troubles
Mabbs (Wash U): . . . to get a sensible low eKE curve we have to change a sign in the calculation
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Back to basics: Zero-core-contribution model
Stehman and Woo Phys Rev A20 281-290 (1979)
Evaluate Rs and Rd matrix elements using H-atom ground-state
wavefunction for initial state and plane-wave for free electron
Simple analytical expressions for Rs and Rd
Two parameter model: r0 and γ = cos(∆)






dΩ ∝ |〈k|eˆ · r|0〉|
2










r0 =1.991(9) , cos∆ =0.959(2)
r0 =1.991(9) , cos∆ =−0.959(2)
Cooper+Zare















VMI provides µeV electron kinetic-energy resolution and full angular distribution
R−matrix computational code predicts β1D2 > 0
Experiment
β1D2 same sign as β3P
β1D2 different energy dependence to β3P
Measurements consistent with “simple” s- and d−wave detachment model
“Black box” R-matrix computational code may have problems . . .
11,784.7 27,652.5
electron binding energy (cm-1)
3P
1D
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Cooper & Zare 3P
Hanstorp 3P: A2=0.55, c=0.925






Steve Cavanagh Brenton Lewis
and technical assistance: Colin Dedman, Kevin Lonsdale, Ros Tranter, Steve Battisson






Cooper-Zare angular distribution of photoelectrons
PyAbel: Abel transform software
https://github.com/PyAbel
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Angular distribution of photoelectrons
Cooper-Zare
Cooper and Zare J Chem Phys 48 942 (1968)
β` =
`(`− 1)R2`−1 + (`+ 1)(`+ 2)R2`+1 − 6`(`+ 1)R`+1R`−1 cos(δ`+1 − δ`−1)
3(2`+ 1)[`R2`−1 + (`+ 1)R2`+1]
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